Nuclear pore complexes are the transport gates to the nucleus. Most proteins forming these huge complexes are evolutionarily conserved, as is the eightfold symmetry of these complexes. A new study reporting the structure of the yeast nuclear pore complex now shows striking differences from its human counterpart.
Nuclear pore complexes (NPCs) are the essential gatekeepers of the nucleus and form sites of entry and exit by fusing the two membranes of the nuclear envelope. These gateways restrict the diffusion of macromolecules between the cytoplasm and the nucleoplasm and, at the same time, allow -with the help of nuclear transport factors -the highly efficient directed passage of proteins, nucleic acids and RNA-protein complexes across the nuclear envelope. Because of their essential transport function, NPCs are present in all nucleated cells of eukaryote organisms and, where analyzed, they show an iconic eightfold symmetry. Most of the proteins that form the NPCs -the nucleoporins -are evolutionarily conserved. Therefore, it has been assumed that the overall structural assembly of nucleoporins within NPCs would be conserved as well. A recent study in Nature analyzing the NPC in the yeast Saccharomyces cerevisiae now challenges this view [1] .
By an integrative modeling approach, which builds on and extends previous seminal work from the same laboratory [2] , the authors generated a model of the yeast NPC structure. In this work, careful quantitative mass-spectrometry was used to determine the stoichiometry of nucleoporins within a NPC. Proximity labeling, where chemical crosslinking of nucleoporins is combined with mass spectrometry, was implemented to reveal nucleoporin interactions as well as the orientations, respective positions and conformations of individual nucleoporins. These data were used to model known crystal structures into a newly acquired cryo-electron tomography structure of the yeast NPC.
The eightfold symmetry of NPCs is obvious when these complexes are viewed by electron microcopy from the cytoplasmic or nucleoplasmic side. The core structure is formed by eight spokes: in addition, eight cytoplasmic filaments extend on the external side and eight nucleoplasmic filaments connect to a structure termed the nuclear basket on the nucleoplasmic side. In a side view (Figure 1 ), it becomes obvious that the NPC core structure is formed by a stack of rings: an inner ring is sandwiched between two outer rings, the nucleoplasmic and cytoplasmic rings. The inner ring connects to transmembrane nucleoporins and the pore membrane, i.e. the membrane region connecting the outer and inner nuclear membranes of the nuclear envelope. The inner ring also functions as the major anchor point for FG-nucleoporins, named after the multiple phenylalanine-glycine repeats they contain. These proteins form a gel-like matrix within the NPC, which is critical for the exclusion and trafficking properties of the pore. Nuclear transport factors can locally resolve this matrix, allowing the passage of cargos though NPCs.
The new structural model reported by Kim et al. [1] reveals that the yeast NPC inner ring is slightly smaller than its relative in the human NPC [3, 4] but overall is very similar: the arrangement of the nucleoporins forming the inner ring largely agrees with the proposed arrangement in the human NPC but also with a recent model of the yeast NPC that was based on mapping nucleoporin structures into the human NPC cryoelectron tomography map [5] .
The current structure [1] includes a substantial fraction of the pore membrane forming a belt around the midline of the structure. It also includes the density of a ring in the lumen of the nuclear envelope, referred to as the membrane ring (Figure 2) . Kim et al. [1] propose that this is built by the lumenal domains of POM152, a transmembrane protein component of the yeast NPC that is formed by nine immunoglobulin-like folds. Two of these lumenal POM152 domains are suggested to interact in an antiparallel fashion. If so, the metazoan counterpart, GP210, the lumenal domain of which is also composed of immunoglobulin-like folds, possibly assembles in the same manner. Because of their large lumenal domains, POM152 and GP210 have been suggested to act as fusion proteins [6] that might bring together, via a SNARElike mechanism, the outer and inner nuclear membrane to fuse them and form a pore. However, the proposed antiparallel arrangement of POM152 within the membrane ring is incompatible with a SNARE-like function ( Figure 2B ), given that SNARE proteins assemble in a parallel fashion to zip up and force the fusing membranes together. Alternatively, POM152 and/or GP210 might, like viral fusion proteins, interact directly with the opposing membrane and then dimerize in an antiparallel fashion compatible with the proposed arrangement in the membrane ring ( Figure 2C ). Indeed, GP210 has been proposed to contain a hydrophobic segment, which might insert into the target membrane [7] . However, this region is close to the transmembrane region of the protein; it therefore seems unlikely that GP210 bridges the lumenal space and brings together the inner and outer nuclear membrane in a fusion process and the hydrophobic segment is probably only found in vertebrates.
Interestingly, in mammals, GP210 is not expressed in all cell types [8] , which would indicate that the membrane ring is not an essential component of NPCs, consistent with the fact that yeast POM152 is not essential [9] and that a Trypanosoma orthologue of POM152 has not been identified [10] . In addition and in contrast to the yeast NPC structure, no membrane ring is clearly identifiable in the human NPC structure [3, 11] . The lumenal densities detected in Dictyostelium and vertebrate NPCs have been previously interpreted to be either eight columns running from the outer to the inner nuclear membrane [12] or a lumenal ring [13] , as now observed in the yeast structure.
The most striking differences between the human and yeast NPC structure are found in the nucleoplasmic and cytoplasmic rings. Both are largely formed by conserved Y-shaped NPC subcomplexes of seven different nucleoporins in yeast and in nine or ten in humans. According to the yeast structure model, the nucleoplasmic and cytoplasmic rings are each formed by eight Y-complexes. In contrast, in humans two concentrically arranged rings each formed by eight Y-complexes build each of the nucleoplasmic and cytoplasmic rings [3, 11] . Thus, whereas the yeast NPC consists of 16 copies of the Y-complex, in humans 32 copies are required. The outer ring arrangement proposed in the new yeast NPC structure model [1] is consistent with previous models published by this research team, describing the approximate position of each nucleoporin, but not its shape and orientation, largely based on analysis of protein-protein interactions, subunit geometry and immunolocalizations of Dispatches nucleoporins [14] . However, this organisation contradicts models where the Y-complexes are arranged in a fence-like fashion [15] and therefore have an arrangement that is perpendicular to the current proposal. Not surprisingly, the new outer ring arrangement also contradicts recent models of yeast and fungi NPCs that were generated by modeling X-ray structures of nucleoporins and nucleoporin complexes into a human cryo-electron tomography map [5, 16] . The different Ycomplex arrangements between yeast and humans can also explain why the interaction sites between Y-complexes located in the two concentric rings in the vertebrate nucleoplasmic and cytoplasmic ring are not conserved down to yeast [3] .
Thus, the new structural model of the yeast NPC presented by Kim et al. [1] suggests that, despite the conservation of nucleoporins [10, 17] and the overall preservation of the eight-fold symmetry as well as the ring-based core structure, no universal NPC blueprint exists: the structural elements can be used in distinct arrangements, such as the Y-complex building either one or two eight-member rings to form the outer NPC rings. In this way, different arrangements might have been used to generate lineage-specific adaptations during the course of evolution. However, NPC composition might also vary in multicellular organisms between diverse cell types and in pathological situations [18, 19] . It will be interesting to see whether the proposed flexibility in nucleoporin arrangements also holds true in these NPC variations. 
